Pseudomonas sp. strain T-12 cells in which the toluene-degradative pathway enzymes have been induced can transform many 3-fluoro-substituted benzenes to the corresponding 2,3-catechols with simultaneous elimination of the fluorine substituent as inorganic fluoride. Substrates for this transformation included 3-fluorotoluene, 3-fluorotrifluorotoluene, 3-fluorohalobenzenes, 3-fluoroanisole, and 3-fluorobenzonitrile. While 3-fluorotoluene and 3-fluoroanisole produced only defluorinated catechols, other substrates generated catechol products with and without the fluorine substituent. The steric size of the C-1 substituent affected the ratio of defluorinated to fluorinated catechols formed from a substrate. A mechanism for the defluorination reaction involving toluene-2,3-dioxygenase is proposed.
Man-made organic pollutants include many halogenated compounds that are not readily transformed by soil microorganisms. Most studies on the biodegradation of halogenated xenobiotics focus on chlorinated aromatics (18) . Although fluorine is also present in xenobiotic compounds (4, 5, 12) , with the exception of fluorobenzene and fluorobenzoic and fluorophenylacetic acids, the metabolic fate of fluorine in aromatic compounds is unknown (7-9, 13, 15, 19) . This study demonstrates for the first time the degradation of several 3-fluoro-substituted benzenes via the ring oxidation pathway of toluene.
The degradation of toluene by Pseudomonas sp. strain T-12 is initiated by toluene-2,3-dioxygenase, which adds oxygen to produce the corresponding dihydrodiol (6) . In the next step, the dihydrodiol is dehydrogenated to the 2,3-catechol. In addition to toluene, several monosubstituted and a few meta-and para-disubstituted benzenes are converted by these enzymes to catechols (11) . In Pseudomonas sp. strain T-12, two meta-disubstituted substrates for this pathway are 3-fluorotoluene and 3-fluorobenzonitrile, and two isomeric catechols can be obtained from each of these substrates. However, as shown in this report, the predominant product of this reaction is neither of the two anticipated isomeric catechols, but rather the 2,3-dihydroxy derivatives of toluene and benzonitrile. This observation suggested that defluorination occurred during catechol production. Further investigation revealed that many 3-fluoro aromatics undergo a defluorination reaction. This report discusses these results and suggests a hypothetical mechanism for defluorination involving toluene-2,3-dioxygenase. OD units/ml. Fluorinated substrates (5 mg) and glucose (0.05% final concentration) were added to 20-ml cell suspensions placed in septum-capped 125-ml bottles and incubated with shaking for 3 h. At this time, glucose was added to bring the final concentration to 0.05%, and after an additional 3 h of incubation, the cell suspension was centrifuged and the supernatant was analyzed for catechol and fluoride. The supernatant (10 ml) was first acidified, and the catechols were extracted with ethyl acetate. The organic extract was dried over anhydrous sodium sulfate, and the solvent was evaporated under vacuum. The residue was acetylated with acetic anhydride and pyridine (1:1) and subjected to GC-MS analysis. The GC area normalization method was used to calculate the percentage yields reported in Table 1 shows the amount of catechol produced and fluoride released from 3-fluoro-substituted benzenes by Pseudomonas sp. strain T-12 cells whose toluene-degradative pathway had been induced with fluorobenzene. In the absence of any substrate or in the presence of chlorobenzene, the fluoride level was negligible. Fluoride from fluorobenzene is released via the hydrolysis of acyl fluoride, the ring cleavage product of fluorocatechol (3). Fluoride levels were equal to or higher than catechol concentrations with 3-fluorotoluene and 1,3-difluorobenzene. In the presence of the other substrates, however, catechol concentrations were higher than fluoride concentrations. 3-Fluorobenzyl alcohol was a poor substrate for this reaction. Table 2 shows the percent composition and identifies the principal mass ions for the diacetate derivatives of catechol products obtained from GC-MS analyses. Defluorinated catechols from all substrates were assumed to be the corresponding 2,3-catechols (I). Two isomers are possible with fluorinated catechols (II), and except for 3-fluorochlorobenzene, the configuration of the hydroxyls is not known. Only defluorinated catechol was formed from 3-fluorotoluene and 3-fluoroanisole, suggesting that the catechols arose only via defluorination. However, when the methyl group of toluene was replaced with a trifluoromethyl group, the defluorinated catechol concentration decreased to 66.7%. Ninety percent of the catechol produced from 1,3-difluorobenzene was defluorinated, whereas the yield of defluorinated products decreased to 74.0, 80.8, and 55% for chloro-, bromo-, and iodo-substituents, respectively. It was possible to determine the percent yield of defluorinated catechol (I) by dividing the fluoride concentration by the total catechol concentration (Table 1) . A reasonable correlation was observed between this method of determination and the GC area normalization method (Table 2) for all substrates except 3-fluorobenzonitrile. Based on the fluoride released, only 30% of the catechol formed from this substrate was expected to be defluorinated, whereas GC analysis indicated 82% defluorination. Whole cells were used in these experiments, and it is possible that the fluorinated catechol(s) was degraded specifically by a currently unknown mechanism, increasing the defluorinated catechol in the total mixture.
MATERIALS AND METHODS

RESULTS
Large-scale incubation of a growing culture of T-12 with 3-fluorochlorobenzene, 3- 7 .12 (1H, dd, J = 7 and 1 Hz, C-4H), 7.20 (1H, t, J = 8 Hz, C-5H), 7.33 (1H, dd, J = 6.8 and 1.2 Hz, C-6H).
In order to characterize the fluorinated catechols of 3-fluorochlorobenzene, 3 liters of culture medium was processed. The ratio of the various products is reported in Table  2 . The diacetates of fluorocatechols were repeatedly chromatographed over silica gel, and the column fractions were monitored by GC-MS (Fig. 1) . One product, with an R, of 6.08 min, was identified by its high-resolution NMR spectrum as the diacetate of 3-fluoro-5,6-dihydroxychlorobenzene (Fig. 2) .
NMR: 8, 2.29, 2.34 (2s, 3H each, OCOCH3), 6 .94 (1H, dd, J = 8.5 and 2.8 Hz, C-4H), 7.1 (1H, dd, J = 8 and 2.9 Hz, C-2H).
The other fluorinated catechol (Ila) was not obtained in sufficient quantity and purity for characterization. Since only two isomers are possible, Ila was assumed to be the diacetate of 3-fluoro-4,5-dihydroxychlorobenzene. Attempts to characterize the fluorinated catechols from 3-fluorobromobenzene were unsuccessful due to low yields and difficulties in product separation. DISCUSSION Toluene metabolism by Pseudomonas sp. strain T-12 proceeds via the ring oxidation pathway described previously for Pseudomonas putida (6, 11) . It involves initial addition of oxygen to toluene to produce the corresponding 2,3-dihydrodiol and its subsequent dehydrogenation to the 2,3-catechol. Aromatic ring cleavage by catechol-2,3-dioxygenase follows, and further oxidations of the ring-cleaved molecule completes the mineralization of toluene. Halobenzenes induce the toluene-degradative enzymes and are also substrates for the initial enzymes (6) . However, the aromatic ring cleavage product of halocatechol(s) is a reactive acyl halide which inactivates the oxygenase through alkylation of its active site (3, 6) . This inactivation causes accumulation of halocatechol in the medium. Benzonitrile is metabolized like a halobenzene by Pseudomonas sp. strain T-12. 2,3-Dihydroxy benzonitrile is ring cleaved to generate an acyl cyanide which can inactivate the oxygenase (Renganathan and Johnston, unpublished results).
Pseudomonas sp. strain T-12 cells induced with fluorobenzene oxidize several 3-fluoro-substituted benzenes to catechol(s), with concomitant release of fluoride (Table 1) . Catechols formed through the defluorination reaction have been shown to be 2,3-dihydroxy derivatives. While 3-fluorosubstituted toluene and anisole produce only defluorinated catechols, other substrates yield products both with and without the fluorine substituent (Table 2) . GC-MS analysis of 3-fluorochlorobenzene products indicated the presence of three components with retention times corresponding to 6.08, 6 .48, and 6.96 min (Fig. 1) . These have been shown to be 3-fluoro-5,6-dihydroxychlorobenzene (Ilb), 3-fluoro-4,5-dihydroxychlorobenzene (Ila), and 2,3-dihydroxychlorobenzene (I). The steric size of the C-1 substituent thus appears to play an important role in determining the probability of a defluorination reaction. For example, replacing the methyl group of toluene with a trifluoromethyl group decreased the yield of defluorinated catechol by 33%. Likewise, with 1,3-difluorobenzene, 90% of the product was defluorinated, but this yield decreased to 75 to 80% for a chloro or a bromo substituent and to 55% with a iodo group ( Table 2) . Figure 3 illustrates a probable mechanism for the defluorination reaction involving toluene-2,3-dioxygenase. Gibson and co-workers have demonstrated that this oxygenase is a three-component system consisting of a flavoprotein, a plant ferridoxin-like iron-sulfur protein, and a larger iron-sulfur protein which serves as the terminal oxygenase (20) (21) (22) . The size of a fluorine substituent is similar to that of hydrogen (17) , and the oxygenase either tolerates or ignores substitution of fluorine for hydrogen and performs the 2,3-dioxygen- Table  2 ). This finding suggests that as the size of the C-i substituent is increased, the enzyme might begin to oxygenate the 5,6-position also. These observations are in conformity with the suggestion that the steric size of a substituent is more important than its electronic character in T-12-catalyzed oxygenation reactions (11) .
A similar mechanism has been proposed for the benzoate-1 ,2-dioxygenase-catalyzed defluorination of 2-fluorobenzoic acid (8, 15 (14) . Both benzoate-1 ,2-dioxygenase and 4-chlorophenyl acetate-3 ,4-dioxygenase have been shown to be two-component systems consisting of a flavoiron-sulfur protein and a larger ironsulfur protein (14, 23) .
In 
